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Abstract

We examine energetic particle transport at or near Corotating Interaction Regions (CIRs). The
high levels of turbulence at and near the fast forward and reverse shocks bordering the CIR are
used to calculate diffusion parallel and perpendicular to the ambient field lines. It is found that
the calculated diffusion rates match the energetic ion and electron profiles reasonably well. A
significantly lower field variance level at the centers of CIRs and the particle energization
sources at the forward and reverse shocks, both naturally lead to a minimum in particle intensity
near the stream interface (SI). For one illustrative event, it is found that the SI is not a single
tangential discontinuity (TD), but a series of directional discontinuities. Particles can (and do)
penetrate the SI boundary in this case.
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INTRODUCTION

There has been and continues to be a debate concerning energetic particle transport in
interplanetary space. Particles can be pitch angle scattered by interaction with preexisting
waves, impeding their particle’s propagation parallel to the ambient magnetic field. Particles
can also be scattered across magnetic field lines, but perhaps at a much slower rate. Near-ideal
events to study concerning parallel and perpendicular particle diffusion are Corotating
Interaction Regions (CIRs). At large distances from the Sun, these regions of high magnetic
field strength are bounded by fast forward and fast reverse shocks (Smith and Wolf, 1976).
Acceleration of energetic particles occur at the shocks (Tsurutani et al., 1982; Kallenrode, 1996;
Desai et al., 1998), thus giving well-defined local particle sources. The magnetic fields are quite
turbulent within CIRs. Thus particle scattering on field lines within CIRs should be elevated,
and parallel and perpendicular diffusion can be examined using both the particle and the wave
data simultaneously.

The purpose of this paper is to examine particle transport properties at and near several CIRs.
The normalized field variances are calculated to use for pitch angle scattering and for cross-field
diffusion estimates. Wave modes have also been identified. Discontinuities have been identified
and particle diffusion across them will be commented upon. The modeling predictions will be
compared with particle measurements.
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B. A “Typical” CIR

Ulysses detected a sequence of 18 CIRs in its passage from the south solar pole to the north solar
pole. In our study we have examined the detailed wave and particle features of several of the
events and use one for illustration purposes. The properties of other events will be commented
on. The Corotating Interaction Region from ~5 UT day 20, 1993 until ~3 UT day 22 is given in
Figure 1. The event was detected when Ulysses was at 5.0 AU from the sun at a latitude of —24°.
The CIR is denoted by compressed magnetic fields and plasma densities, and elevated proton
temperatures. The CIR is bounded by a fast forward and reverse shock. The stream interface
(SI) is the boundary separating the heated and accelerated slow stream plasma from the heated
and decelerated fast stream plasma. The SI for this particular case has been identified by
Wimmer-Schweingruber et al. (1997) by ion compositional measurements and is located at
~1230 UT day 20. There are many magnetic discontinuities within the CIR present as well. The
detailed properties will be discussed later.

Variance and Discontinuities

The normalized nested magnetic field variances, field components and discontinuity occurrence

rates are shown in Figure 2. The field components are in the Solar-Heliosphere (RTN)
coordinate system where R is radially directed away from the sun, T is RxQ/IRxQ1 where O

is the rotation axis of the sun, and N completes a right hand system. The magnetic field
variances have been normalized to unitless quantities so that they can be used to calculate
particle pitch angle scattering rates (Kennel and Petschek, 1996; Tsurutani and Lakhina, 1997)
and resonant cross-field diffusion rates (Tsurutani and Thorne, 1982). The variances are
“nested”, i.e., the 10 min, 1 hr and 2 hr normalized variances are shown, with each longer period
generally having higher values than the former (this is not absolutely true because the
normalization was done over different time averages. The statement is correct for unnormalized
nested variances).

Several features can be noted in the normalized variances. The variances are highest near the
forward shock (slightly upstream to slightly downstream of the shock) and are high over a
broader region near the reverse shock. This double peak in variance values are separated by a
region of low field variances. This latter region (of plasma and fields) extends from the SI at
~230 UT day 20 to ~3 UT day 21. This region is characterized by smooth magnetic fields (see
the B, component and IBl) and a lack of interplanetary discontinuities (bottom panel).
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Two-peaked variance features were noted on the event two rotations prior (days 334-336, 1992),
but not for the immediately previous event (day 361-364, 1992). For brevity, the latter event is
not shown here. For the day 361-364 event, there was a normalized variance enhancement near
the center of the stream and the stream interface. Thus, one notes that there can be a great deal
of variability from event-to-event, even though it is the same (but evolved) coronal hole stream
source providing the interaction region. Clearly the variable upstream slow solar wind and the
evolving coronal hole stream are fundamental to the detailed results of the ensuing interaction.

Energetic Particles

The energetic particles for this CIR are shown in Figure 3. The 61 keV to 20 MeV ions (top four
traces) show clear enhancements just upstream of the forward shock. This is in good agreement
with previous shock-acceleration observations by Tsurutani et al. (1982), and theoretically
discussed by Pesses et al. (1978), Lee (1986) and Decker (1993).

The same particle energies peak have a maximum flux at and near the reverse shock. This latter
flux enhancement is generally higher and broader in time (Tsurutani et al., 1982). The lowest
HIGHSCALE energy channels (61 - 77 keV, 207 - 336 keV and 0.48 - 0.97 MeV) show a broad
peak from ~4 UT day 21 to ~03 UT day 22, whereas the higher energy ions (1.2 - 2.0 MeV and
8-19 MeV) and the energetic electrons (38 - 315 keV) have definite peaks primarily at the

reverse shock. The fluxes decrease with increasing distance from the shock.

The region of the broad low energy ion enhancement inside the reverse shock corresponds
reasonably well to the region of high normalized field variances. Is it possible that cross-field
diffusion can explain this feature? Later, we will estimate cross-field diffusion rates, to examine
the possibility of this particular point. It should be noted that this region of the CIR has field
lines that cross the shock closer to the sun (see Figure 4). Thus another possibility is that these
particles were generated earlier in time (by shock acceleration) and then propagated to the

spacecraft by diffusion parallel to the magnetic field rather than across it.

The energetic electron profile is different than either the low energy ion or high energy ion
profiles. There is only one particle maximum and that is at the reverse shock. The peak flux
occurs at the reverse shock and falls off slowly in the sunward direction (tens of days). The
falloff is more rapid in the antisunward direction (~day). The flux decrease within the CIR

(antisunward direction ) is smooth and shows little effects due to the low variance (smooth field)
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region, to the SI, or to the forward shock. There is only a slight electron flux enhancement at the

SI. These features will also be explored in the wave-particle interaction section.

The discontinuity occurrence rate variations (shown for each 6 hr interval) are similar to the
variations in the nested normalized variances. The largest occurrence rates are at and near the
reverse shock. There is an enhancement in occurrence rate at the forward shock and a decrease
(to zero) in the high, smooth-field region discussed previously. This profile is not unexpected,
based on previous work. Tsurutani et al (1994), Smith et al. (1995), and Balogh et al. (1995)
have shown that nonlinear Alfvén waves are a dominant feature of the high-speed solar wind
streams, and Tsurutani et al. (1996; 1997) have shown that nonlinear Alfvén waves are often
phase-steepened, with rotational discontinuities (RDs) at their edges. Thus, since the CIR
contains compressed Alfvénic fluctuations just downstream of the forward shock and upstream
of the reverse shock (Tsurutani et al., 1995), one could expect an increase in the number of
discontinuities as well. Of course there could be other wave modes and discontinuities generated
by the solar wind interaction with the two shocks. At this time one cannot rule out significant
contributions from this latter mechanism.

Wave Modes

To determine the wave modes present within and just upstream and downsteam of the CIR, we
use the highest time resolution magnetic field data available. This is 2s, for the Ulysses mission
(Balogh et al. 1989). Unfortunately, the plasma instrument cadence is too low to use for
additional wave information. Thus, all analyses will be performed using the magnetic field
alone. Minimum variance analyses are used to determine magnetic wave polarizations (Smith
and Tsurutani, 1976).

About 25 short intervals were selected for detailed, high resolution examinations of wave
polarizations and waveforms. Intervals upstream, within, and downstream of the CIR were
examined. Within the CIR, three dominant types of modes are detected: arc-polarized, slightly
compressive waves, mirror-mode structures and turbulence. We will give examples of each.

Figure 5 illustrates a wave interval (between the vertical dashed lines) on day 21, 1993 in
minimum variance coordinates (Sonnerup and Cahill, 1967; Smith and Tsurutani, 1976). B, B,
and B, correspond to the field components in the maximum, intermediate and minimum variance

coordinate system, respectively. The minimum variance direction is (0.85, 0.41, 0.33) in the
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RTN coordinate system. Figure 5 shows that most of the field perturbation occurs in the B,

component. B, is approximately zero. The field magnitude is relatively steady in this event.

The B, - B, hodogram is at the bottom. The wave is seen to be arc-polarized, where the
beginning (1) and end (2) are clearly denoted. This is the typical case within this CIR.

0 3B, = 86°. Similarly results were found and presented in Tsurutani et al. (1992).

Figure 6 is an example of “turbulence” within the CIR. This occurs on day 20 from 2129:00 to
2229:40 UT. The field magnitude has a slight decrease throughout the interval. The B, - B,
hodogram is again at the bottom. It appears as if this “scatter” in the hodogram could be due to a

number of small linear/arc-polarized waves.

Figures 7 shows the wave analyses for a magnetic hole. The “polarization” is characteristically
linear. Note that there are several field magnitude decreases or magnetic (Turner et al., 1977;
Winterhalter et al., 1995; Ho et al., 1995) in the Figure. More can be noted in the trailing portion
of the CIR shown in Figure 1. Ho et al. (1995) have shown that many of these structures could
be generated by the mirror mode instability where:

lh/L3||>1+%3l (1)

In the above inequality, B is the plasma beta, which is equal to 3 87 NikTi / Boz.
- \

In the above expression, N is the plasma density, T, is the ion temperature and k is the Boltzmann
constant. The magnetic field characteristics of mirror mode structures are changes (during this
study) primarily in field magnitude and little or no change in direction. B within these structures

are >1. At times B can be well over 100.
Discontinuities

The directional discontinuities (DDs) are selected using a computerized method applied to 1-min
average vectors. A description of the criteria can be found in Tsurutani and Smith (1979). Once
discontinuities are identified, high-time resolution analyses are used to determine the normal

direction, the magnetic field component along the normal (By), and the larger field magnitude on
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either side of the discontinuity (B,). With these parameters, we use the Smith (1973a, b) method

to identify whether the discontinuities are tangential or rotational in nature.

The most interesting discontinuities are the ones at the “stream interface” shown in Figure 8.
Wimmer-Schweingruber et al. (1997) has indicated an ion compositional change at ~1230 UT.
From ~1220 to ~1250 UT, there is a large-scale field directional rotation in the B, component.
However in the field magnitude plot, one can note six prominent field decreases and increases
(discontinuities). These are labeled in the Figure. Each of the six events have been analyzed

using the minimum variance technique.

Many of the discontinuities have complex properties. Event 1 has a normal orientation 13°
relative to the magnetic field. AIB/B, = 0.06 and B/B, = 0.97 placing it as a rotational
discontinuity. However, it is a little unusual in that there is a distinct magnetic field magnitude
change across the structure. The second event at 1223 UT is a discontinuity that has both RD
and TD properties. B, /B, - 0.17 and AIBI/B, = 0.06. There is little or no field rotation across
this discontinuity. It would not have been selected as a DD event by the TS method. Event 3
was selected as the interval 1224:10 to 1229:50 UT. Thus, some of the slow field rotation plus
the sharp field decrease is included. Analysis of this interval gives us a nice rotational
discontinuity with a significant magnitude change: B,/B, = 0.69 and AIBIB; = 0.10. For event 4,
the interval 1230 to 1238 UT was analyzed. The results are shown in Figure 9. This
discontinuity is located in the center of the large scale rotation. This discontinuity has the
properties of both a RD and a TD. B,/B, = 0.02 and AIBI/B, =0.1. 8,, = 89°. Event 5 would
again be classified as having RD and TD properties. B\/B,; - 0.13, AIBI/B, = 0.07. 0,, = 82°.
Finally, event 6 is similar to event 5, having both RD and TD properties. B /B, = 0.1, AIBI/B, =
0.08 and 6, = 85°.

The nature of these discontinuities and the role that they play in the ST are not possible to probe
further at this time. High time resolution plasma data are necessary, which unfortunately is not
available. For example the pair of events and interval in-between discontinuities 5 and 6 may be

a mirror mode structure. Examination of the instability criteria could help confirm this.

Reconnection could be occurring across the broad field rotation area. Evidence of plasma jetting
and heating could tell us if this is occurring or not. The presence of such microstructure within
the large field rotation is indicating that for this case, there is not a simple TD bounding the two
different plasmas. The large scale field indicates this as well. This result has important

implications for energetic particle transport. There is no clear large scale tangential discontinuity
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at the center of the CIR to impede particle flow within the CIR. This particular interface may be
thought of as consisting of a number of small scale RD structures.

C. Wave-Particle Interactions,

Resonant interactions with the magnetic component of electromagnetic waves is the dominant
mechanism for scattering energetic ions and electrons in interplanetary space. From Kennel and
Petschek (1966) we have:

2
B
D, =[_B&J Qi (1)

where B, is the wave amplitude, B, the field magnitude and Qz are particle gyrofrequencies,

and M is the fractional amount of time the particles are in resonance with the waves. D(l;a is the

pitch angle diffusion.

The quantity (Bm/BO)2 was calculated earlier and was shown as the nested normalized vartances.

To determine the resonant wave power, one must determine the frequency from the cyclotron
resonant condition:

+
o-kV,= an (2)

when o is the wave frequency, k, and V, are the paralle]l components of the wave vector k and

particle velocity vector \7, respectively, n = 0, £ 1, 2 is the harmonic number. One can make a

first-order simplification by assuming the waves are propagating parallel to B. For the normal

first-order cyclotron resonance, one gets:
*_ ot
‘% -V = szg /k (3a)

for both ions (+) and electrons (), and Vl'f stands for the resonant velocity of the particle.
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This can be further compressed to:

\Y CY)

where V ; is the Alfvén speed for the low frequency waves. V; is ~50 - 70 km s in the solar
wind at Ulysses distances from the sun.

The cross-field diffusion rate, DT_, due to resonant-wave particle interactions have been derived

by Tsurutani and Thorne (1982). Assuming a diffusion rate much less than the Bohm rate for the
magnetic component of the waves, one has:

2
D7 = 2(B%L) D__ (5)

E c
where Dmax= J/ZeBO’ the Bohm rate. E, is the perpendicular particle kinetic energy, ¢ the

speed of light, and e the electronic charge. At the maximum, or Bohm rate, the particles diffuse

a gyroradius in distance every cyclotron period.
Pitch Angle Scattering Rate

To illustrate some of the results, we perform scattering rate calculations for only a few
representative energies: 100 keV protons, 10 MeV protons and 100 keV electrons. We first do
the calculations near the reverse shock inside the CIR. From Figure 2, the average field

magnitude is ~2 nT. Thus Q; ~2x10 ' rad s ' and Q; ~4x10° rad s™. Assuming an Alfvénic

phase velocity of 50 km s and ‘VA /VSW ~107" (the wave frequency in the plasma frame has

been Doppler shifted upward by a factor of 10). The wave power at resonance is calculated.

100 keV Protons

From the resonance condition, we find that these particles will cyclotron resonate with 50 min

%l,... ~ 102 From equation (1) we find T

4min

period waves. Examining Figure 2, we find 6°/B,,

scattering

~ 500s. The gyroperiod is ~30s. Thus these energy particles are on weak pitch angle diffusion.

10
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It seems quite possible that these particles are shock accelerated ions that have propagated along
magnetic field lines into the CIR as illustrated in Figure 4.

The cross-field diffusion rate is ~2 x 10? D,__, or 2.0% of the Bohm diffusion rate. The particles
at these energies have access to neighboring magnetic field lines, but the diffusion is at relatively
slow rates. Thus the cross-field diffusion rare is an order of magnitude slower than diffusion in
the parallel direction.

1 MeV protons

For these energy particles, resonance occurs with 150 min period waves. From Figure 2,
(6,/By)ly,, ~ 3 x 1072, The pitch angle scattering time is ~170s, thus these particles are on near-
strong pitch angle diffusion. This high energy tail could derive from energy extracted from the

waves. The cross-field diffusion rate is ~ 0.06 D ., higher by a factor of 3 times than for 100
keV protons.

100 keV Electrons

100 keV electrons cyclotron resonate with 50s period waves. The resonant wave power in the
plasma rest frame is 6,¥B,’l s ~ 3 x 107, leading to a diffusion rate equal to ~1.0. The electrons
are on strong diffusion. The cross-field diffusion rate is 0.006 D, at the Bohm rate means the
particles travel 6 x 107 gyroradii in one cyclotron period. For a 2 nT field, the 100 keV electron
gyroradii is 530 km. The cross-field diffusion rate is ~10° km’ s™'. The electrons thus have very
rapid access to neighboring field lines.

100 keV Protons at Variance Minimum

The resonant wave power at the center of the CIR is ci/ BO2 = 3 x 10*. The cross-field

diffusion rate is 6 x 10 D__. The diffusion rate is almost two orders of magnitude less in this

region of space.
SUMMARY AND CONCLUSIONS

By measuring the normalized field variances and using the normalized wave power at the

particle resonant frequencies, parallel and perpendicular particle diffusion can be directly

11
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calculated. It is shown that near the reverse shock, the wave power is considerably higher
leading to both more rapid pitch angle diffusion and cross-field diffusion. The ratio of the two

quantities is approximately 10:1, by a value that has been estimated from particle measurements.

The diffusion rates are higher for higher energy particles. The example shown was 1 MeV
protons in contrast to 100 keV. This can be understood from equation (4). The resonant
frequency decreases directly with particle speed. Because of the power-law type spectrum of the

waves, the wave power is greater for more energetic particles.

Electrons are most rapidly scattered. For the waves measured, these particles are on strong
diffusion and may be energized directly by wave-particle interactions. There is no specific need
to invoke shock interactions. The cross-field diffusion rate is comparable to half the solar wind

speed, so the particles have rapid access to neighboring magnetic field lines.

The low field variance region near the center of the CIR leads to a reduction in cross-field
diffusion of ions and electrons by several orders of magnitude. This is noted in all energetic
particle data as a rapid falloff of the fluxes from the reverse shock towards fields more in the
sunward direction.
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Figure Captions

Figure 1. The plasma magnetic field magnitude characteristics of a representative CIR. The
stream interface (SI) occurs at ~1230 UT day 20.

Figure 2. The normalized magnetic field variances for the CIR in Figure 1 in RTN coordinate
(top four panels), the field components (next four panels), and the number of discontinuities per
day (bottom). The legend for 10 min, 30 min, 1-hr. and 2-hr. variances is given on the right.
Figure 3. HIGHSCALE energetic ions (top panel) and energetic electrons (middle panel).

Figure 4. A schematic of magnetic field lines associated with a CIR.

Figure 5. An example of a wave within the CIR.

Figure 6. Same as Figure 5, but with multiple linearly polarized waves.

Figure 7. An example of mirror mode structures within the CIR.

Figure 8. Complex field structure composing the stream interface.

Figure 9. An analyses of discontinuity 5 in Figure 8.
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